Background. Protein anabolism in response to feeding may be impaired with aging. To determine if this could contribute to muscle loss, we studied fed-state metabolic responses in healthy, non-sarcopenic elderly women.
M AINTENANCE of muscle mass is an important component of healthy aging, as its loss is associated with frailty and disability (1) . Muscle protein mass results from the net balance between protein synthesis and breakdown, both acutely regulated by insulin and amino acid (AA) supply. The negative muscle protein balance of the fasted state becomes positive when AA are available and insulin is elevated upon feeding (2), along with changes at the wholebody level (3, 4) . An impaired anabolic response to feeding stimuli could therefore be responsible for gradual muscle loss over time.
We (5) and others (6) found a blunted whole-body anabolic response to hyperinsulinemia with maintenance of AA availability, concurrent with the insulin resistance of glucose metabolism commonly seen in older persons. These findings were corroborated by a lack of stimulation of leg muscle protein synthesis by postprandial insulin levels in the elderly participants (7) but normalization of responses at supraphysiological insulin levels (8) . Consistently, activation of the insulin signaling pathway, assessed by phosphorylation of Akt Ser473 , was increased more at supraphysiological than postprandial insulin concentrations, without changes in eukaryotic initiation factor 4E (eIF4E)-binding protein 1 (4E-BP1) Thr37/46 phosphorylation (8) , a substrate of mammalian target of rapamycin complex 1 (mTORC1). Lesser suppression of leg protein breakdown was reported with minimal hyperinsulinemia (~90 pmol/L) without change in synthesis, resulting in the inability of older participants to switch to positive protein balance (9) .
In addition to insulin resistance, aging may also cause resistance to AA anabolic stimuli. Blunted stimulation of leg muscle synthesis by a low dose of oral essential AA (EAA, 7 g) was reported (10) but normalized with higher doses (2, 11, 12) or intravenous hyperaminoacidemia (13) .
Protein Anabolic Responses to a Fed Steady State in Healthy Aging
Contrasting studies revealed lesser myofibrillar and sarcoplasmic protein synthesis responses after ingestion of 10 and 20 g of EAA during a pancreatic clamp (14) and blunted mixed muscle and mitochondrial protein synthesis during hyperaminoacidemia with hyperinsulinemia in older participants (15) . Both studies reported defects, although inconsistently, in specific steps in the insulin signaling and AA sensing pathways by which mTORC1 regulates protein synthesis. This study quantified both glucose and protein isotopic kinetics in response to steady-state fed conditions during a hyperinsulinemic, hyperglycemic, and hyperaminoacidemic clamp at peak physiologic postprandial levels (16) , which allows testing simultaneously for insulin sensitivity using isotopic methods. The hyperglycemic component was included to simulate mixed-meal postprandial physiology, including its effect on endogenous insulin secretion, which may differ with aging. Possible defects in muscle protein synthesis with aging were postulated to be associated with alterations in insulin signaling and the AA sensing pathway of mTORC1.
Methods

Participants
Healthy young and elderly women (eight per group) were recruited through advertisements. The elderly women were community dwelling and independent in instrumental daily activities. Participants underwent health screening, as detailed (17) , and provided written informed consent. None of the older women were receiving hormone replacement therapy, and all young women were studied during their follicular phase. The institutional Human Research Ethics Board approved this protocol. Body composition was assessed by dual-energy X-ray absorptiometry (Lunar Prodigy Advance; GE Healthcare, Madison, WI). For 6 days prior to the tracer study, participants received an inpatient isoenergetic and isoproteic diet, based on diet history and composed of a liquid formula (Ensure; Abbott Laboratory, St. Laurent, QC, Canada) with bran cereal and milk breakfast. Total energy expenditure and physical activity level were estimated from triaxial accelerometry (RT3; Triaxial Research Tracker; Stay Healthy, Inc., Monrovia, CA) prior to or after the study, for at least four consecutive days of usual physical activity.
Tracer Studies
Glucose and protein kinetics were studied postabsorptively and during the hyperinsulinemic, hyperglycemic, and hyperaminoacidemic clamp using primed, constant infusions of H]glucose and L-[1-13 C]leucine as described in (16) (30 g ).
Blood was sampled at frequent intervals for substrate, hormone, and isotopic enrichment determinations at steady states. Expired air was collected (Becton Dickinson Vacutainer Systems, Franklin Lakes, NJ) for 13 CO 2 enrichment and indirect calorimetry was performed for 20 minutes during postaborptive and clamp steady states. Glucose turnover was calculated according to (18) . Leucine kinetics were calculated using plasma a-ketoisocaproic acid (a-KIC) enrichment (19) as described (16) .
Prior to and 2 hours after start of the insulin, ~100 mg vastus lateralis muscle biopsies were obtained with a Bergstrom needle under sterile precautions and local anesthesia (Xylocaine 2%; Astra-Zeneca Canada Inc., Mississauga, ON, Canada). Muscle samples were immediately frozen in liquid nitrogen and stored at −80°C until analysis.
Assays
Glucose was measured by glucose oxidase (GM7 MicroStat; Analox Instruments USA, Lunenberg, MA); insulin, glucagon, and C-peptide by radioimmunoassay (Linco, St. Charles, MO); and glucose specific activity as previously described (17) . Plasma total branched chain-AA were measured by fluorometry during clamp (17) and individual AA by high-performance liquid chromatography (System Gold; Beckman Coulter Instruments, Palo Alto, CA). Plasma a-13 C-KIC enrichment was analyzed by gas chromatographymass spectrometry (5988A; Hewlett-Packard, Palo Alto, CA). Expired air was analyzed for 13 CO 2 enrichment by IRMS on a Micromass 903D (Vacuum Generators, Winsforce, UK).
Muscle-free and protein-bound phenylalanine enrichment was analyzed as n-propyl ester heptafluorobutyramide derivatives by negative chemical ionization GC-MS (5975C; Agilent, St-Laurent, QC, Canada) (20) , by monitoring the ion mass to charge ratio 383 and 388, corresponding to unlabeled and labeled ions, respectively (20) . Proteinbound phenylalanine low enrichment was determined as the 388/386 ratio, using the standard curve approach (21) . Mixed-muscle protein fractional synthesis rate was determined as the rate of increase in protein-bound phenylalanine enrichment over that of the intracellular free pool (20) .
Immunoblotting
Muscle samples were homogenized and centrifuged as described (16) . Equal amounts of supernatant protein (40 mg, measured by Bradford assay) were loaded onto 8% or 15% gels, electrophoresed by sodium dodecyl sulfatepolyacrylamide gel electrophoresis, and transferred to polyvinylidene fluoride membranes (GE Healthcare, Baie d'Urfé, QC, Canada). After blocking, membranes were incubated with phospho-specific primary antibodies overnight at 4°C, then washed three times in Tris buffered saline with Tween, and subsequently incubated with secondary antibody (GE Healthcare) in Tris buffered saline with Tween containing 5% nonfat dried milk for 1 hour at room temperature. Signals were detected by enhanced chemiluminescence reagents (GE Healthcare) and analyzed using Chemi-DOC XRS system (Bio-Rad, Mississauga, ON, Canada). After detection of the phospho-specific signal, the antibodies were stripped off the membrane. The membranes were washed, blocked, and reprobed with primary antibodies that recognized the proteins irrespective of their phosphorylation state. The densities of phosphorylated signals were normalized to total protein levels. Primary antibodies were from Cell Signaling Technology (Beverly, MA).
Statistical Analyses
Participant characteristics and steady-state baseline and fed-state clamp data were compared between groups by independent t tests. Responses to the clamp were analyzed using two-factor repeated measures analysis of variance, with age and fed-state clamp as main factors, to test for within-and between-subject effects. A significant ageby-clamp interaction indicates an aging effect on responses to the fed-state clamp. Covariate analysis was used to adjust the changes in glucose and protein kinetics for the different increase in serum insulin between groups. Results are presented as means ± SEM. Analyses were performed using SPSS 15.0 (SPSS Inc., Chicago, IL).
Results
Subject Characteristics
The elderly women had similar mean body weights to young, but because of their shorter stature, their mean body mass index was significantly higher (Table 1) . Fat mass and waist circumference were higher and LBM was lower in the elderly women, but when normalized for height, LBM and appendicular muscle mass were not different. Energy and protein intakes and resting and total energy expenditures per LBM were not different. All the elderly women were glucose tolerant (2 hours after 75 g oral glucose, 6.48 ± 0.31 mmol/L).
Substrate and Hormone Concentrations
Postabsorptive plasma glucose, leucine, and total AA concentrations were slightly elevated in the elderly women, and all were clamped at the same levels ( Table 2) . Fasting free fatty acid concentrations were higher but decreased to similar concentrations as the young. Fasting insulin did not differ between groups but increased less, as did C-peptide, in the elderly women during clamp, despite receiving the same dose per LBM as the young. Notes: Physical activity level (PAL): Total (TEE)/resting energy expenditure; for TEE and PAL, n = 6 in young. LBM = lean body mass **p < .01, *p < .05 versus young, by independent t tests.
Glucose Kinetics
Postabsorptive glucose kinetics were similar (Table 3) . Clamp endogenous glucose production was suppressed and glucose uptake stimulated equally, concurrent with similar glucose infusion rates. Adjusting for serum insulin did not 
Muscle Protein Synthesis
Postabsorptive mixed-muscle protein fractional synthesis rate did not differ between groups and increased similarly during the clamp (Figure 2 ).
Signaling Proteins
The postabsorptive phosphorylation state of the signaling proteins measured was not different between groups. Phosphorylation of Akt Ser473 and its substrate proline-rich Akt substrate of 40 kDa (PRAS40) at Thr246 increased affect changes in glucose kinetics, consistent with the similar insulin sensitivity indexes.
Leucine Kinetics
Postabsorptive net leucine balance was less negative in the elderly women due to lower leucine oxidation rates (Table 3) . Clamp nonoxidative leucine disposal (surrogate of protein synthesis) was equally stimulated in both groups, but endogenous rate of appearance (protein breakdown) was less suppressed in the elderly women. Consequently, the AA infusion rates (shown for leucine) required for maintaining the same circulating levels were lower in the elderly women. Because stimulation of protein synthesis was the same, the increase in net balance from postabsorptive to fed state, net anabolism, was less in the elderly women. These effects on breakdown suppression and net anabolism were no longer significant when adjusting for plasma insulin (Figure 1 ). Notes: Responses analyzed by repeated measures ANOVA. ANOVA = analysis of variance; LBM = lean body mass; na = not applicable; PA = postabsorptive; Ra = rate of appearance; Rd = rate of disappearance. *p < .05 versus young, by independent t tests, at a given period. Figure 4B) , not different between groups. Phosphorylation of 4E-BP1 on both Ser65 ( Figure 4C ) and Thr70 ( Figure  4D ) was somewhat increased by the clamp, with Thr70 moreso in the young (significant age-by-clamp interaction). 4E-BP1 Thr37/46 phosphorylation did not change (not shown).
Discussion
This study used a hyperinsulinemic clamp protocol to simulate a fed-steady state with sustained physiologically relevant postprandial levels of insulin, glucose, and AA. This allowed testing the hypothesis that aging impairs postmeal muscle protein anabolism, contributing to sarcopenia development. The older women were not sarcopenic, based on their relative appendicular muscle mass index, but displayed clear features of age-associated increase in adiposity. Despite this, they unexpectedly showed comparable protein anabolic responses and insulin sensitivity of glucose metabolism. The responses of skeletal muscle insulin signaling through the Akt/mTORC1 pathway were also unaltered and therefore consistent with the absence of insulin resistance and a similar stimulation of mixed-muscle protein synthesis by feeding. We attribute these sustained metabolic/ anabolic responses with advancing age largely to the absence of concurrent diseases, sufficient energy and protein intake, and an active lifestyle.
Although insulin resistance is viewed as a possible cause of sarcopenia, such resistance may result more from an agerelated increase in adiposity and inactivity than from chronological age (5, (22) (23) (24) . As changes in body composition are intrinsic to aging, their metabolic effects are difficult to distinguish from those of advancing age. Our elderly women's lower total lean mass was attributable to their shorter stature, but total or %body fat and central adiposity were higher even when adjusted for height. Despite this, their insulin sensitivity of glucose metabolism, both hepatic and peripheral, was comparable with that of young women, consistent with our previous results obtained from the hyperinsulinemic, euglycemic, and isoaminoacidemic clamp, a response restricted to women (5) . Although the prevailing view is that age impedes on insulin sensitivity, only half of the studies reported in (22) confirmed this. Furthermore, the small age effect found in the European Group for the Study of Insulin Resistance 1146-subject cohort (22) was attributed to changes in body composition. Furthermore, a sex difference in insulin sensitivity is supported by our (5) and others' recent data (24, 25) , showing more impact of aging in men, which may be due to different changes in fat distribution (25) .
The elderly women reached lower clamp insulin concentrations. Both groups received the same insulin infusion rates relative to LBM, which were one fourth the 40 mU/m 2 ·min we used previously (5, 16, 17) because this clamp stimulates endogenous secretion (16) . Thus, the lower serum insulin threefold in both groups at 120 minutes of the clamp ( Figure 3A and B) . A less pronounced, similar, increment in phosphorylation of Forkhead box protein FoxO3a Thr32 occurred ( Figure 3C ). There was a general stimulation effect Downloaded from https://academic.oup.com/biomedgerontology/article-abstract/66A/6/681/599106 by guest on 04 November 2018 might reflect either a lesser endogenous response or higher clearance rate or both. The former is more likely since C-peptide concentrations also increased less.
Although total clamp AA infusion was less in the elderly women, their whole-body and muscle protein anabolic responses were similar to those of the young. Because the insulin response was less in older women and protein breakdown is suppressed by insulin in a dose-response manner (26), they required less exogenous AA to maintain the same hyperaminoacidemia as the young. The total AAs infused over 3 hours was 16 g in elderly and 22 g in young women, corresponding to 9 and 12 g of EAA (both p = .001). The amount of EAA received by the elderly women is very similar to the oral doses in other studies, 10 (10) and 7 g (14) , reporting impairment of protein anabolism. These studies tested the isolated effect of AA drinks at basal (14) or peak insulin response ~90 pmol/L (10). Thus, our greater hyperinsulinemia, including an endogenous response, exerted an additional effect on whole-body and muscle protein anabolism. The different insulin concentrations may explain the discrepant findings, suggesting that high physiological insulin is required to stimulate protein synthesis, when AA provision is not sufficient to exert its maximum effect.
Despite the lower insulin levels, phosphorylation of AktSer473 increased to the same extent as in the young. Such a similar increase was reported in young and elderly participants infused with insulin and AA, associated with impaired stimulation of muscle protein synthesis in the elderly women (15) . Another study showed blunted inhibition of proteolysis attributed to reduced Akt activation in elderly participants with minimal elevation of insulin (9) . These seemingly contradictory results may be reconciled by differences in the dose-dependent effects of insulin on protein breakdown.
Phosphorylation of FoxO3a by Akt prevents the expression of ubiquitin ligases involved in proteolysis (27) and may be a potential mechanism explaining insulin's inhibition of protein breakdown. We found a similar increase in FoxO3a Thr32 phosphorylation in both groups. However, we (16) and others (28) found no change in messenger RNA expression of muscle-specific ubiquitin ligases despite suppression of whole-body and muscle proteolysis, in response to a 2 hour-exposure to both insulin and AA. Thus, the role of FoxO in mediating acute postprandial regulation of proteolysis in humans may be independent of ubiquitin ligases and remains to be clarified.
Insulin stimulates protein synthesis in part by relieving PRAS40 suppression on mTOR signaling through Aktmediated phosphorylation at Thr246 (29) . PRAS40 Thr246 phosphorylation increased to a similar extent as that of Akt during the clamp in both groups. The lack of defects in insulin signaling through the PI3K/Akt pathway reinforces the absence of insulin resistance in the studied elderly women. Signaling downstream of mTOR was evaluated by the phosphorylation of two targets of S6K1, rpS6, and IRS-1 and of 4E-BP1. Despite similar plasma branched chain-AA and leucine concentrations with lower infusion rates, elderly women had the same increase in rpS6 phosphorylation. Consistent phosphorylation of IRS-1 on Ser636/639, putative sites of negative feedback regulation by S6K1 (30), increased to a similar extent in both groups, suggesting that insulin and AA signaling downstream of mTOR was not impaired in the elderly women. Absence of differences in 4E-BP1 Thr37/46 phosphorylation in skeletal muscle in response to postprandial and supraphysiological insulin in young and elderly participants was recently reported (8) . Despite substantial activation of PI3K/Akt signaling in both groups, only minor increases in phosphorylation of 4E-BP1 at Ser65 and Thr70 occurred during the clamp, which although statistically significant, are unlikely to be physiologically relevant.
The physically active lifestyle of our elderly women is likely to be an important determinant of their maintenance of relative appendicular muscle mass and metabolic responses. Although similar between groups, the average physical activity level of 1.4-1.5 indicates only light to moderate activity, comparable with those of the Louisiana Healthy Aging Study, using the doubly labeled water technique (31) . It also indicates that the young women spent the majority of their time in sedentary or light activities, thus acting as good controls, but may not be representative of generally more active young women. Without fitness programs or high-intensity exercises, our elderly women were fully independent in instrumental daily living activities and engaged in social activities involving some degree of physical activity and may thus represent an active cohort of successful aged women. Physical activity energy correlated with glucose Rd during clamp (r = .69, p = .009, controlled for LBM), confirming the impact of usual activity level on insulin sensitivity, but did not with protein turnover data. It is likely that exposure to postprandial AA levels had a predominant impact on protein anabolic responses, and because of similarities between groups, the range of responses (and sample size) may have been too narrow to identify a correlation with physical activity.
Conclusions
We found no aging effect on whole-body insulin sensitivity and protein anabolic responses to a simulated intravenous meal in elderly women displaying similar muscle mass index and level of physical activity as those of our young group. Increased phosphorylation of key steps of the insulin-nutrient sensing Akt/mTOR pathway was consistent with the stimulation of muscle protein synthesis by feeding, similar in both groups. Acknowledging that our results may not be applicable to aged men, they do suggest that sarcopenia may not be an inevitable consequence of aging in the absence of concurrent illnesses and maintenance of sufficient dietary intake and physical activity. 
Supplementary Material
Supplementary material can be found at: http://biomed.gerontologyjournals. org/
